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Detection and source location of volcanic tremor and earthquakes enable us to better 
understand the physical processes inside a volcano. Volcanic tremor and earthquakes are seismic 
events that are associated with the movements and pressurization of magma and volcanic gas 
within the volcanic edifice. Volcano-tectonic earthquakes (VTs), which are generated by fault 
motions, are well detected and located easily because of their clear onsets of P and S waves. The 
other events such as volcanic tremors and low-frequency events are often not detected or 
accurately located because of unclear arrivals of P and S waves and great variations in the 
amplitudes and durations of the waveforms. Previous studies have proposed alternative methods 
such as amplitude source location method using the spatial distribution of seismic amplitudes, but 
they generally require a considerable amount of initial information. Recently, the cross-correlation 
analyses have been used for locating and detecting volcanic tremors. The analyses retrieve, without 
initial information, the similarity of seismic signals at station pairs which contain information 
about the coherency and relative travel time that can be used for detection and location. However, 
previous studies applied those seismic correlation-based methods in a sparse seismic network over 
a large area or using a network with a high number of seismic stations. Also, the source locations 
were often determined in 2-D, so that the depth of seismic events is not located, which is one of 
the most important information to capture magma migration from the depths.  
In the present study, therefore, we improve the method for monitoring seismic signals at 
active volcanoes where several seismic stations are deployed around the active craters and on the 
flanks. Also, we extend the method to locate the source in 3-D by taking into account a three-
dimensional velocity structure. Previous studies applied the correlation-based method to volcanic 
tremors observed at active volcanoes, but no evaluation was done for the accuracy of the source 
location because of unknown real locations. To overcome such ambiguity, the present study 
estimates the errors of source location by analyzing VTs that are well located. We then apply the 
improved location method to real volcanic tremors and track the changes in the source locations 
with time. However, it is difficult to evaluate the reliability of the source location and 
quantitatively distinguish the source locations of tremors from noise. To address this problem, we 
perform detection by using methods that measure signal coherency evaluated from seismic cross-
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correlation analyses. While the detections methods are able to pick up coherent signals coming 
from volcanic tremors and earthquakes, the present study also uses the detection results to 
evaluate the reliability of the source location. To discriminate the detection and source location 
that might correspond to different types of seismic events, we extend the detection method by 
developing a classification method based on the characteristics of the detection for each type of 
event. 
In Chapter 2, we develop a method called the cross-correlation function-based source 
scanning algorithm (CCF-based SSA) to obtain the 3-D location of volcanic tremors and 
earthquakes in a small seismic network. The method computes stacked CCFs from a set of time 
windows to enhance the coherent part of the seismic signals. First, we evaluate the method using 
VTs observed at Izu-Oshima volcano, Japan. We perform analysis at 4–16 Hz, where the dominant 
frequencies of direct S-wave are present. The estimated locations are well-matched with the 
hypocenters determined from the onsets of P and S waves. The misfits between them are 2 km or 
less for the VTs occurring inside the network coverage. Secondly, we simulate tremors by 
superimposing plural VTs to test the applicability of CCF-based SSA method to locate volcanic 
tremor. The sources of simulated tremor are located by calculating CCFs using 10 s time windows 
with a 90% overlap. The location errors are estimated to be 1 km or less for the data length of 2 
min. Higher location accuracy is achieved when pseudo-sources (i.e., VTs) are set in a smaller 
source region and/or when we use longer data. The advantage of the CCF-based SSA is that the 
obtained location depends only on the seismic velocity model. Evaluation using VTs and simulated 
tremors suggest that the CCF-based SSA can be applied to real volcanic tremors and used to 
monitor changes in the source locations. The location errors of the CCF-based SSA are slightly 
larger than those from the amplitude source location method, but location offsets, which is 
computed as the average of the misfits, are found to be smaller. 
In Chapter 3, we apply the CCF-based SSA to real volcanic tremors observed at Sakurajima 
volcano, Japan, by a network consisting of six seismic stations. The analysis is performed at 1–4 
Hz, which is the frequency band where volcanic tremors are dominant. We track the source 
locations every 10 min by computing the CCFs using 20 s subwindows with 75% overlap and 
stacked them over a 10 min window. We analyze volcanic tremor episodes occurring on May 6–8, 
May 11–12, June 2–5, and August 22–25, 2017. Volcanic tremor sources are located under the 
active craters from the ground surface to 6 km depth, although the source locations are widely 
distributed under the active craters when the signal-to-noise ratio of the observed waveforms is 
low. The vertical extension of the source from 0 to 6 km is confirmed by the fact that the peaks 
of CCFs approach zero lag times as the estimated source becomes deeper. Because of the seismic 
6 
 
station coverage, the maximum depth of source location that we can estimate is less than 7 km 
depth. 
In Chapter 4, we perform the detection of volcanic tremors and B-type earthquakes, a type 
of volcanic earthquakes that is dominant at 1–5 Hz, at Sakurajima volcano using seismic 
correlation-based methods. The single-station correlation coefficient method and the network 
covariance matrix analysis are applied to six months of seismic records. The computed correlation 
coefficient and spectral width at 1–4 Hz, which are the measures of signal coherency, are used to 
detect volcanic tremors and B-type earthquakes by using an averaging window length of 10 
minutes. Consistent with the seismic activity reported by Japan Meteorological Agency (JMA), 
we detect volcanic tremors that mainly occurred during May–June and August–September 2017. 
Volcanic earthquakes and short-duration tremors are better detected with the network covariance 
matrix analysis. For both detection methods, using shorter time windows are better to detect 
short-duration events, but longer windows improve the detection stability. We extract the 
characteristics of the detected volcanic tremors and B-type earthquakes during April–July 2017 
based on JMA catalog, and develop a method using spectral width with weight functions for 
classifying volcanic tremors and B-type earthquakes during April–September 2017. The weight 
functions are prepared for each type of seismic event based on the signal coherency. As a result, 
the method is able to systematically classify volcanic tremors and B-type earthquakes.   
In Chapter 5, we discuss volcanic tremors and B-type earthquakes at Sakurajima volcano. 
Correlation coefficient and spectral width are used to evaluate reliable source locations of volcanic 
tremors, because spatially scattered source locations are obtained from the tremors with low 
coherency or short-duration signals. Reliable source locations that are showing high coherency are 
distributed from a depth of about 4 km to the ground surface beneath the active craters. The 
horizontal distribution of the sources in SW-NE direction around the active craters is consistent 
with the tensile crack inferred from analyses of ground deformation in a previous study. We 
compare the results with data of tilt and infrasound, JMA catalog, and previous studies to 
understand the volcanic and eruptive processes at Sakurajima volcano, which are related to 
magma and gas movement in the volcanic conduit and/or ejection of volcanic materials during 
eruptive periods. Observed infrasound signals and stable infrasound spectra during volcanic tremor 
indicate that tremor activities are associated with eruptions, and the fluctuation of volcanic flow 
at the vent is the same regardless of the amplitudes. Seismic spectra show some changes with time 
which seems to be correlated with the estimated source depth. For example, the volcanic tremor 
located at 3–6 km depth before an explosive eruption shows wider spectral peaks around 1.25 Hz. 
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Different seismic spectra may correspond with different generation depth or source mechanism of 
volcanic tremors.  
We also show that not only volcano-seismic events, but also meteorological effects such as 
precipitation and typhoons are recognized in the temporal changes of the results obtained by 
cross-correlation based method. 
In this thesis, we introduced a method for the detection and location of volcanic tremors 
and earthquakes. In the application of volcano monitoring, the technique can be used to detect 
and monitor the changes in source locations in real-time, with no additional information other 
than a seismic velocity model. A comparison of the results with various data such as infrasound 
and ground deformation may provide more insights into the source process of volcanic tremors 
and/or eruption mechanisms. Therefore, our method may contribute to the field of volcano 
monitoring and the understanding of the volcanic processes. 
 
